Abstract-This paper describes the modeling of the resonant-tunneling hot-electron transistor (RHET). In the analysis of the resonanttunneling harrier, we solved the Schrodinger and the Poisson equations self-consistently. We simulated the electron transport in the base and the collector barrier region using the Monte Carlo method, taking account of the space charge in the collector barrier. Our model includes the effect of coupled plasmon-LO phonon scattering and electron-electron scattering in the base region. We calculated the transit time in the base and the collector harrier region. The 50-nm base transit time was 0.059 ps. On the other hand, the 200-nm collector barrier transit time was larger than 1 ps due to intervalley scattering in the collector barrier region. We showed that the collector barrier transit time was reduced to 0.089 ps in the 50-nm collector barrier RHET at a collectorbase voltage of 0.5 V.
I. INTRODUCTION
OKOYAMA et al. [ 11- [3] fabricated a resonant-tun-Y neling hot-electron transistor (RHET) and demonstrated some circuit applications. The most important features of the RHET are its resonant-tunneling emitter barrier and its hot-electron transport in the base and the collector barrier region. The resonant-tunneling (RT) barrier generates negative transconductance and is a hot-electron injector. Electron transport through the RT barrier is a quantum mechanical phenomenon. We have already proposed a self-consistent model using the Schrodinger and the Poisson equations [4] to calculate the currentvoltage (Z-V) characteristics of the RT barrier. We simulated hot-electron transport in the base region using the Monte Carlo method and showed that electron transport was greatly affected by electron-electron (e-e) scattering [5] . However, to understand the operation of a RHET, we must simulate the electron transport from the emitter to the collector. In this paper, we describe the modeling of the InGaAs /In ( AlGa) As RHET including the electron transport in the collector barrier region. Fig. 1 shows the RHET structure we used in our study. The resonant-tunneling emitter barrier is a 3.8-nm Ino,s3G~.47As quantum well sandwiched between 4.4-nm In0.52A10.48As barriers, the same as the one fabricated by Imamura et al. [2] . The base width is 50 nm, and the doping density is 1 X 10" crnp3. The collector barrier is 200-nm In0.S2 ( A10.5Ga0.5 )0.4XAS.
DEVICE STRUCTURE

EMITTER CURRENT-VOLTAGE CHARACTERISTICS
First, we calculated the emitter Z-V characteristics. We solved the following equations self-consistently to account for band bending and space-charge buildup in the quantum well [4] 
at base. where m* is the effective mass, and anon is the nonparabolicity of InGaAs. T ( E , ) is the tunneling probability through the RT barrier. V, is the voltage drop in the accumulation region at the emitter. Fig. 2 shows the calculated emitter Z-V characteristics at 77 K. We assumed the effective masses and nonparabolicities to be 0.042 and 1.167 eV-' for InGaAs and 0.075 and 0.586 eV-' for InAlAs, respectively, and the conduction band discontinuity between them to be 0.53 eV. The peak current density is 4.7 X lo4 A/cm2 at a base-emitter voltage (V,,) of 0.65 V and the peak-tovalley ratio is 33.
IV. MONTE CARLO SIMULATION
We investigated the motion of electrons in the base and the collector barrier region using the Monte Carlo simulation method. As well as conventional scattering mechanisms, ionized impurity scattering, acoustic phonon scattering , inter-valley scattering , and alloy scattering, we have included the coupled plasmon-LO phonon scattering and e-e scattering in the InGaAs base. At a base doping density of 10l8 cmP3, the plasma frequency is comparable to the LO phonon frequency. This gives rise to electron scattering by the strongly coupled plasmon-LO phonon mode [6] . In addition to the coupled mode scattering, hot electrons are scattered by the e-e scattering in the Landau damped regime [5] , [7] - [9] . The scattering rates of these two mechanisms are calculated from ( 5 ) eT( q , U ) is the dynamic susceptibility calculated from the random phase approximation [SI. We considered the Lindhard function to be the contribution from degenerate electrons. As a hot electron experiences e-e scattering, one electron is excited from the Fermi sea. We simulated the transport of these excited electrons and the original hot electrons in a similar way. In the collector barrier region, we considered LO phonon scattering, acoustic phonon scattering, inter-valley scattering, and alloy scattering.
Hot electrons are injected through the RT emitter barrier. We calculated the injected hot-electron distribution using the wave function q ( K , , z ) .
od ( E ) is the total energy distribution and f: ( E , ) is the distribution in the direction of injection (z-direction). Fig.  3 shows the injected hot-electron distribution at V,, = 0.4 V. Because hot electrons are injected through the quasibound state in the InGaAs quantum well, the energy spread is very small. The full width at half maximum of this distribution is 0.59 meV, and this corresponds to the spread of the quasi-bound state. However, total energy distribution of hot electrons f~,,, ( E ) is wider and its spread is 80 meV, almost equal to the difference between the Fermi energy and the bottom of the quasi-bound level.
The electron distribution after traveling through the 50-nm base region at V,, = 0.4 V is shown in Fig. 4 . The peak at 0.46 eV represents electrons near-ballistically transported through the base. The energy of the ballistic electrons is larger than the injection energy due to the acceleration field in the base depletion region. The increased energy spread of this peak is due to band nonparabolicity. Because each electron has a different total energy, they have different effective masses, m*( 1 + 2anon E ). This leads the different k, after accelerating in the base region. There is a broad peak around 0.06 eV, representing electrons excited from the Fermi sea due to e-e scattering. Hot electrons that lost kinetic energy due to e-e scattering are widely distributed. This is because they have more of a chance to experience further elastic and/or inelastic scatterings in the base region.
After traveling through the base region, some electrons surmount or tunnel through the collector barrier. We assumed that electrons enter the collector barrier if r <
T ( E,)
, where r is random number equally distributed between 0 and l , and T ( E , ) is the tunneling probability of the collector barrier. The motion of electrons in the collector barrier was also simulated using the Monte Carlo method. scattered many times and lose kinetic energy in the direction of injection, they cannot surmount the potential and they turn back to the base. Therefore, the transfer ratio is small. However, at VcB > electrons reach the collector region if they can cross the junction between the base and the collector barrier. So cy becomes large.
At VcB > 0, the transfer ratio gradually increases. This 7 is the calculated mean velocity in the base and the collector barrier at VBE = 0.4 V and VcB = 2 V. The mean velocity is 5 X lo7 cm/s in the base side of the collector barrier region where r-valley electrons are dominant. However, mean velocity rapidly decreases. In a large region of the collector barrier, the mean velocity is only 1 X lo7 cm/s due to the large effective mass of the L-valley . Therefore, the collector barrier transit time is large, 1.35 ps.
Electron transport in the collector barrier region greatly affects the transit time. We show the calculated mean transit time as a function of VcB in Fig. 8 . The base-emitter voltage is 0.4 V. The broken line represents that mean base transit time, and the solid line represents that for the collector barrier. The injection energy into the base is less than the r-L separation energy in the base. Therefore, the base transit time is very small: less than 0.1 ps. As VcB increases, the base transit time increases slightly because the electrons in the lower energy side begin to surmount the collector barrier.
The collector barrier transit time is much larger than the base transit time. At VcB = -0.2 V, electrons pass through the collector barrier ballistically, so the transit time is fastest. However, even this value is one order of magnitude larger than the base transit time. The collector barrier transit time strongly depends on VcB. From VcB = 0 to 0.5 V, the collector barrier transit time decreases because electrons travel in the r-valley and are accelerated in the collector barrier. However, as electron energy begins to become larger than the r-L separation, electrons begin to undergo inter-valley scattering, which increases the transit time.
As shown in Fig. 7 , the mean velocity is only 1 x lo7 cm/s in a large region of the collector barrier. If this region is reduced, it is expected that the collector barrier transit time greatly decreases. As the collector barrier width decreases, the collector barrier transit time is expected to decrease. However, the decrease of the collector barrier width reduces the breakdown voltage of the collector barrier. So it is necessary to decrease the collectorbase applied voltage. We simulated the electron transport in a 50-nm collector barrier RHET at VBE = 0.4 V and VcB = 0.5 V and show the electron distribution in Fig. 9 .
Electrons in the collector barrier region are transported near-ballistically , and L-valley electrons are very few. Therefore, in this RHET the collector barrier transit time is 0.089 ps and is much smaller than the 200-nm collector barrier RHET.
V. SUMMARY
We modeled the electron transport in the RHET. Electron transport in the resonant-tunneling barrier was treated as quantum mechanical transport. We self-consistently solved the Schrodinger and the Poisson equations. In the base and the collector barrier region, we simulated electron transport using the Monte Carlo method. We calculated the transit time of the 50-nm base and 200-nm collector barrier RHET. The base transit time was as small as 0.059 ps. However, the collector barrier transit time was one order of magnitude larger than the base transit time because of the inter-valley scattering in the collector barrier region. The decrease of collector barrier width and collector-base applied voltage is needed to reduce the collector barrier transit time. We showed the collector barrier transit time was reduced to 0.089 ps in the 50-nm collector barrier RHET.
